We analyze the competition between thermal fluctuations and pinning of vortices in bulk type-II superconductors subject to pointlike disorder and derive an expression for the temperature dependence of the pinning length L c (T) which separates different types of single vortex wandering. Given a disorder potential with a basic scale and a correlator K 0 (u)ϳK 0 (u/) Ϫ␤ ln ␣ (u/) we determine the dependence of L c (T) on the correlator range: correlators with ␤Ͼ2 ͑short range͒ and ␤Ͻ2 ͑long range͒ lead to the known results L c (T) Many properties of type-II superconductors derive from the interaction between vortices and pinning centers.
Many properties of type-II superconductors derive from the interaction between vortices and pinning centers.
1,2 Impurities are particularly important in situations where a transport current is applied as they provide the necessary pinning force compensating the Lorentz force acting on vortices 3 and thus enable a dissipation-free current flow. In this paper we address specific aspects of the high-temperature pinning behavior of vortices subject to weak pointlike disorder. The results are of particular relevance for the copper-oxide high-T c superconductors which can be operated at high temperatures and where such a pinning landscape naturally derives from oxygen vacancies.
A single flux line in a disorder potential is described by the partition function 4 Z͑u,L ͒ϭ ͵ (0,0) (u,L)
with (c/2)(‫ץ‬ z u) 2 the elastic energy and V(u,z) the disorder potential which might take negative values. The disorder is chosen to be a Gaussian random variable with zero mean and a correlator ͗V͑u,z͒V͑0,0͒͘ϭK 0 ͑ u͒␦͑z ͒,
͑2͒
where ͗•••͘ denotes the average over disorder realizations.
The correlator K 0 (u) decays on a length ; in most applications the function K 0 (u) is assumed to be rapidly decaying, and at sufficiently high temperatures the physical behavior is determined by the integral ⌬ϵ͐d n u K 0 (u) alone. In this paper we draw attention to the situation in disordered type-II superconductors where the correlator K 0 (u) describing the potential landscape of vortices is long ranged,
in the intermediate asymptotic regime ϽuϽ ͑here, and denote the coherence length and the London penetration depth of the superconductor͒. The long-range tail ͑3͒ renders the correlator nonintegrable and modifies the pinning characteristics as compared to a short-range correlated disorder landscape. This effect is particularly pronounced for vortices in bulk high-T c superconductors where the disorder becomes marginal at high temperatures and the ratio / is large ͑be-low we describe the situation in an isotropic material; effects of anisotropy can be accounted for within the scaling approach 5 ͒. The following discussion is not restricted to single vortex pinning; rather we consider the latter as a specific realization of the directed elastic string ͑or polymer͒ problem 4 which describes such diverse physical systems as domain walls in magnetic films, 6, 7 wetting ͑in the plane͒, 8 vortices, 2 or random polymers. 9 The numerous nontrivial features that these systems have in common derive from an intricate interplay of elasticity, disorder, and thermal fluctuations. While the elastic forces tend to stretch the string, the disorder potential favors configurations deviating from a straight line in order to take advantage of the potential valleys. Within the weak collective pinning scenario 10 the elasticity dominates on scales smaller than the crossover scale L c and forces the string to stay in the same valley, whereas on larger scales the string effectively divides up into segments of size L c which adjust independently to the disorder landscape. Increasing the disorder strength decreases L c , while thermal fluctuations tend to smooth the disorder landscape implying an increase of L c (T) with temperature. Also, the typical barriers separating adjacent valleys are reduced by thermal fluctuations leading to a peculiar form of the creep-type dynamics under a small external force. 11 Below we first discuss some general properties of vortex pinning in disordered type-II superconductors and derive the asymptotic form ͑3͒ of the correlator. Second, we calculate the pinning length L c (T) using the functional renormalization-group ͑FRG͒ approach. 12 The behavior of random directed polymers strongly depends on the number n of transverse motional degrees of freedom. E.g., the ͑low-temperature͒ roughness as characterized by the wandering exponent n ϭlim L→ϱ ‫ץ‬ ln͗u 2 (L)͘/ ‫ץ‬ ln L 2 decreases with n ͑here, L denotes the length of the polymer segment and u(L) is the relative transverse displacement of its end points͒. Upon increasing the temperature a phase transition ͑roughening transition͒ is known to occur for nу3, see Ref. 13 , the high-temperature phase being dominated by thermal fluctuations on all length scales with a thermal roughness exponent th ϭ1/2. On the other hand, for nϭ1,2 the large scale behavior remains dominated by disorder with the same exponent n as at low temperatures, however, going beyond the so-called depinning temperature T dp , the crossover scale L c (T) increases rapidly with temperature. In the physically important case nϭ2 the crossover length L c (T) grows exponentially, L c (T) ϳL c (0)exp͓C(T/T dp ) ͔, reflecting the fact that nϭ2 is the lower critical dimension of the roughening transition. While ϭ3 is a well established result describing the situation for a short-range disorder potential, 14 the exponent is modified by the long-range tail of the potential correlator as it appears in the vortex problem: we will show below that ϭ1 ͑a similar effect is found in the context of individual vortices pinned onto columnar tracks 2 ͒. We emphasize that the asymptotic behavior ͑3͒ does not influence the roughness of the polymer on large scales, that is, the value of the wandering exponent n remains unchanged. While for nϭ2 the nonintegrability of the function K 0 (u) with an asymptotic decay slower than 1/͓u 2 ln(u)͔, is sufficient to change the value of the exponent , the criterion on the asymptotics K 0 (u)ϳK 0 (/u) ␤ to change the value of 2 has been argued 15, 16 to be ␤Ͻ3/ 2,sr Ϫ4. Inserting the numerically known value 2,sr Ϸ5/8 for the short-range wandering exponent, we see that the 2 ϭ 2,sr is unaffected by the weak nonintegrability (␤ϭ2) in the vortex pinning problem.
We briefly derive the form of the long-range correlations occurring in the problem of single vortex pinning in type-II superconductors. 2 The Ginzburg-Landau equation for the macroscopic wave function ⌿ϭͱ(R)exp(i) takes the form
where A denotes the vector potential, ⌽ 0 ϭhc/2e is the flux unit, and we have normalized ͉⌿͉ to unity in the asymptotic regime. We concentrate on the vortex solution where the phase turn in by 2 drives a circular vortex current. On scales RϽ we can ignore transverse screening and using (ٌ) 2 ϭ1/R 2 , the real part of Eq. ͑4͒ simplifies to (Ϫ 2 /R 2 ϩ1Ϫ͉⌿͉ 2 )⌿ϭ0, hence 
with the vortex form factor
2 ). Within the range ӶuϽ the pinning energy correlator assumes the form
with K 0 ϭ2͉⌿ 0 ͉ 4 ␥ 2 ͑we have assumed ͉⌿ 0 ͉ϭ1 in the derivation above͒. The integral over this correlator diverges logarithmically and is cut off only at the large scale . This long-range feature will have an important effect on the crossover scale L c (T) at high temperatures which we are now going to calculate. We analyze the system described by the partition function ͑1͒ with the help of the functional renormalization group ͑FRG͒ approach. 12 Applying momentum shell renormalization to the replicated Hamiltonian leads to the following system of one-loop equations ͑see Ref. 19͒ for the renormalized correlator K l and temperature T l ,
where Iϭ1/(c 2 ⌳ 3 ), T l ϭT l /(c⌳), and ⌳ Ϫ1 denotes the short-scale cutoff of the theory. In Eq. ͑8͒ we limited ourselves to the two replica correlator K l , neglecting higher replica terms generated at high temperatures during momentum shell integration, see Ref. 19 ; an analysis including these terms reveals that their feedback to the flow of K l is of the same order as the nonlinear terms in Eq. ͑8͒ and hence the qualitative results obtained below remain valid.
At zero temperature the fourth derivative of the correlator K l (4) (0) diverges at the finite scale l c (Tϭ0)Ϸln͕9/͓(n ϩ8)IK 0 (4) (0)͔͖, signalling the emergence of a nonanalyticity in the correlator at the origin and indicating that perturbation theory in the disorder breaks down beyond this scale. Still, the FRG flow remains well defined, and for the case of shortrange disorder the correlator can be shown to flow rapidly towards a nonanalytic disorder-dominated fixed point beyond
is naturally interpreted as the typical length of independently pinned vortex segments within the weak collective pinning theory; the same result is obtained from a simple scaling argument equating the elastic and disorder energies.
At finite temperatures the correlator remains analytic due to the thermal smearing introduced via the term T K l .
However, we can still identify the crossover scale l c (T ) as the value of l where the nonlinear terms in Eq. ͑8͒ become of the same order as the linear terms, indicating that the disorder cannot any longer be dealt with perturbatively; beyond this scale K l is again driven towards the (Tϭ0) strongcoupling fixed point. At small scales, the nonlinear terms in the flow Eq. ͑8͒ for the correlator K l can be neglected. Furthermore, since we want to study high temperatures, we choose the roughness exponent to take the thermal value ϭ th ϭ1/2 which is convenient since the physics appears more transparently in the sequel, in particular, the temperature does not renormalize when ϭ th and T l ϭT ͑however, note that from a mathematical point of view the physical results below are independent of this particular choice of ). The linearized flow equation can be solved explicitly 11 with the result
Let us analyze the situation for short-and long-range correlated disorder separately. If the disorder correlator is short ranged, the total weight ⌬ϵ͐d n uЈK 0 (uЈ) is finite and the expression ͑10͒ can be simplified at high temperatures T ӷT dp ϵ 2 e Ϫl c (0) ,
for max͓1,ln( 2 /T)͔ӶlϽl c (0). Note that for nϭ1 the correlator grows exponentially, reflecting the relevance of the disorder, whereas in the marginal case nϭ2 the correlator flows to a fixed point. In this case we can interpret the linearized flow equation as the Fokker-Planck equation for the probability distribution K l (u) of a particle in a harmonic potential V(u)ϭu 2 /4, where l plays the role of time and T is the temperature. The above fixed point corresponds to the stationary Gibbs-Boltzmann distribution which is rapidly approached at high temperatures.
In the case of long-range correlations the integration kernel in Eq. ͑10͒ cuts the nonintegrable tails of the correlator at uЈϳ(e l T ) 1/2 and we may estimate the renormalized correlator at the origin as
In the case nϭ2 this expression can be understood in terms of the diffusive motion of ''particles'' that are initially distributed with a density proportional to K 0 (u). Their total number is infinite due to the nonintegrable tails of K 0 (u) ͓see Eq. ͑7͔͒, and a growing number of particles from further and further away will eventually accumulate at the origin, continuously increasing K l (0) ͑see Fig. 1͒ . Thermal equilibrium is never reached in this situation.
In the following we first discuss the situation where the linearized flow gives rise to an exponential growth of the renormalized correlator at the origin. This is the case for n ϭ1, or for nϭ2 if the initial correlator decays asymptotically as K 0 (u)ϳK 0 (/u) ␤ with an exponent ␤Ͻ2. Under these conditions, the contribution of the nonlinear terms to the growth of K l can be neglected, and the crossover scale l c (T ) is found from comparing linear and quadratic terms in the flow equation, i.e.,
IK l c (T )
Љ ͑ 0 ͒ϳT .
͑13͒
The second derivative of K l can be estimated from Eq. ͑10͒, K l Љ(0)ϷK l (0)/T . Using expression ͑12͒ in the above crossover condition we find L c ͑ TϾT dp ͒ϳL c ͑ 0 ͒ ͩ T T dp 2 ͔/2͖/͓1ϩ(u/) 2 ͔ with nonintegrable logarithmic tails as in the vortex problem. After a crossover around lϭ1 the correlator K l (0) increases quadratically with l as expected from Eq. ͑13͒. The inset schematically illustrates the interplay of the diffusive inflow of particles ͑horizontal arrows͒ and the particle sources originating from the quadratic one-loop terms ͑solid dots͒. In the short-range case the first mechanism is absent and K l grows due to the nonlinear terms only, while in the strongly long-range case (␤Ͻ2), the nonlinear terms can be neglected and K l grows due to the inflow from the tails. The vortex pinning problem is intermediate with a crossover at a scale l cr (T ) Ͻl c (T ) from diffusion driven growth to source driven growth.
͑17͒. At temperatures higher than T u a crossover to the shortrange case will take place. Finally, the range of validity of Eq. ͑20͒ is found to be T dp ϽTϽT u ϳT dp ln (2ϩ␣)/3 ͑ ͒ϭT dp ln͑ ͒. ͑21͒
Apart from the restriction on the temperature the magnetic field B has to be weak such that effects due to vortex-vortex interactions can be ignored; the corresponding condition L c (T) 2 Ͻ⌽ 0 /B derives from comparing tilt and shear energies. 2 In conclusion, we have determined the temperature dependence of the collective pinning length L c (T) for a directed elastic string subject to a long-range correlated disorder potential. In the physically important case of single vortex pinning in three-dimensional bulk material L c (T) exhibits an exponential sensitivity to temperature: in the intermediate temperature range T dp ϽTϽ(ln )T dp the logarithmic tails of the correlator produce a simple exponential law L c (T)ϳL c (0)exp͓C(T/T dp )͔, while for TϾ(ln )T dp the usual short-range result L c (T)ϳL c (0)exp͓C(T/T dp ) 3 ͔ holds.
